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ABSTRACT  (U) 

X. 

(C)  This  study  investigates  the  effect  of  array  tilt  on  the  statistics 
of  noise  clutter  attributed  to  ships.  In  particular,  the  study  calculates 
the  statistics  of  bears  noise,  signal-to-noise  ratio,  and  detection  oppor- 
tunities (zero  ships  on  the  bean)  for  a rigid  line  array  of  idealized 
bearss  without  associated  sidelobes  and  for  idealized  bean  noise  and  sig- 
nal models.  The  results  are  that: 

o The  variance  of  bean  noise  fluctuations  and  the  probability  of 
zero  ships  on  the  bean  decrease  with  array  tilt  while  the  mean 
bean  noise  level  is  independent  of  array  tilt; 

o The  variance  of  the  signal-to-noise  ratio  fluctuations  decreases 
with  array  tilt,  while  the  mean  signal-to-noise  ratio  is  con- 
stant with  array  tilt;  and 

o The  probability  of  detection  opportunities  decreases  with  array 
tilt  and  the  cean  waiting  tine  between  detection  opportunities 
increases  with  array  tilt,  while  the  Eean  duration  of  detection 
opportunities  is  independent  of  array  tilt. 

(C)  Consequently,  the  central  conclusion  of  the  study  is  that  detection 
performance  of  a line  degrades  significantly  as  the  line  array  tilts  from 
the  horizontal  plane  by  snail  angles. 
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INTRODUCTION  (U) 

(C)  Recent  experimental  evidence  has  shown  that  a towed  line  array  will 
tilt  with  respect  to  the  horizontal  if  not  properly  balanced  for  operat- 
ing tc-w  depth.  Several  studies  have  investigated  the  inspect  of  tilt  on 
various  aspects  of  system  performance.  One  of  these,  for  example*,  has 
calculated  bearing  error  as  a function  of  till  and  has  concluded  that  for 
modest  tilts  (<  5 ) the  performance  of  lh<.  broadside  and  near  broadside 
beams  in  establishing  target  bearing  is  relatively  insensitive  to  array 
tilt.  However,  other  aspects  of  performance  not  only  exhibit  high  sensi- 
tivity to  array  tilt  but  also  differ  from  the  case  of  bearing  error  in 
that  degradation  in  performance  cannot  be  corrected,  even  in  principle, 
from  knowledge  of  tilt  magnitude.  One  of  these  aspects  is  the  ability  of 
a narrow  beam  towed  line  array  to  “look”  between  discrete  shipping  noise 
sources  during  which  periods  enhanced  detection  performance  nay  be  possible 
when  the  noise  level  approaches  or  achieves  base  noise  levels. 

OBJECTIVES  (U) 

(U)  Tne  objectives  of  this  study  are  to  determine  the  effects  of  array 
tilt  on: 

o Beam  noise  statistics, 
o Signal -to- noise  statistics, 

o Duration  of  detection  opportunities  (zero  ships  on  the  bea^),  and 
o Waiting  time  between  detection  opportunities, 

using  idealized  array,  noise,  and  signal  models. 

(U)  Calculations  were  performed  for  the  EASTPAC  simmer/ fall,  sound  speed 
profile  of  Figure  1A.  Limiting  rays  for  deep  sound  channel  propagation 
are  shown  as  a function  of  depth  in  Figure  IB,  where  it  can  be  seen  that  at 
the  edge  of  the  sound  channel,  the  energy  arriving  via  the  deep  sound  chan- 
nel  propagation  arrives  at  0 (horizontal)  and  that  at  the  axis  of  the 
sound  channel  (700  meters),  the  deep  sound  channel  energy  arrives  within 
115°. 

*Watson,  H.  H.,  "LAMBDA  Performance  Analysis:  Predicted  Performance 

Degradation  from  Geometrical  Array  Distortion,”  Naval  Undersea 
Center,  6 Jan  77 
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ARRAY  MODEL  (U) 

(U)  The  array  is  modelled  as  a linear  line  array  that  tilts  as  a rigid 
body  and  forms  ideal,  cylindrically  symmetrical  beams  without  associated 
sidelobes,  as  shown  in  Figure  2. 

(U)  Figure  3 depicts  the  geometric  centers  of  several  beams  in  azimuth- 
elevation  space  for  horizontal  orientation  of  the  array.  Here,  with  the 
exception  of  the  broadside  (90°)  and  endfire  r0°  and  180°)  beams,  ell 
beam  azimuths  vary  with  elevation  angle.  Thus,  for  signal  arrivals  close 
to  horizontal,  where  azimuths  do  not  vary  significantly,  a beam  angle 
(together  with  array  heading)  can  give  a good  indication  of  signal  source 
bearing. 

(U)  Figure  4 shows  the  orientation  of  the  Figure  3 ream  centers  when  the 
array  is  tilted  aft  with  respect  tn  the  horizontal.  When  the  array  tilts 
aft,  forward  beams  are  elevated,  aft  beams  are  depressed,  and  near  broad- 
side beams  look  forward  at  some  elevation  angles  and  aft  at  others. 

(U)  Figure  5 shows  that  the  near  broadside  beams  of  Figures  3 and  4 can 
be  approximated  by  linear  beams  in  azimuth-elevation  space.  Each  of  tnese 
beams  spans  an  azimuth  sector  that  is  a function  of  array  tilt  angle  and 
elevation  angle  approximately  given  by 

Y = 8 * 2a  tan  P, 

where 

Y - azimuth  sector, 

6 = 'oeamwiuth, 

a = elevation  angles,  and 
p = array  tilt  angle 

(U)  Figure  6 shows  the  azimuth  sector  spanned  by  a 1°  near  broadside  bean 
as  a function  of  array  tilt  angle  for  elevation  angles  of  *5°,  j_10°,  *15°, 
and  +20°. 
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Beam  Centers  for  an  Array 


Figure  5.  Near  Horizontal  Broadside  Beams  (U) 
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(U)  Figure  5 shows  that  the  near  broadside  beams  can  be  approximated  by 
linear  beams  in  azimuth-elevation  space.  Each  of  these  beams  spans  a 
sector  of  azimuth  that  is  a function  of  array  tilt  angle  and  elevation 
angle.  The  azimuth  sector  is  approximately  given  by 


Y 

3 * 2 a tan  p 

where 

Y 

azimuth  sector 

6 

beam-width 

a = 

elevation  angles 

2 = 

array  tilt  angle 

(U)  Figure  6 shows  the  azimuth  sector  spanned  by  a 1°  beam  as  a function 
of  array  tilt  angle  for  elevation  angles  of  +5°,  +10°,  +15°,  and  +20°. 
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(U)  Surface  ships  are  the  major  contributor  to  the  ambient  noise  back- 
ground at  the  frequencies  of  interest,  and  will  be  the  only  noise  sources 
considered  in  this  study.  Energy  froa  surface  ships  can  enter  the  deep 
sound  channel  by  three  processes: 

o Injection  at  the  edge  of  the  sound  channel , 
o Downslope  conversion,  and 
o Half-channel  conversion. 

(U)  Surface  ship  energy  can  be  injected  into  the  deep  sound  channel  at 
the  sound  channel  edge  by  leakage  from  the  surface  duct.  This  energy 
enters  the  sound  channel  at  0°  elevation  angle;  its  elevation  angle  with- 
in the  deep  sound  channel  is  determined  by  Snell's  law.  Energy  entering 
the  deep  sound  channel  in  this  way  will  subsequently  appear  as  a spike  at 
q>  where  q>  varies  with  range  and  is  determined  by  Snell's  law  as  shown 
in  Figure  7. 

(U)  When  a surface  ship  is  located  over  a sloping  bottom,  energy  from 
the  surface  ship  can  be  bctton-reflected  (with  the  angle  of  reflection 
equal  to  the  angle  of  incidence},  thereby  diverting  energy  into  the  deep 
sound  channel-  This  energy  will  be  distributed  in  elevation  angle  between 
as  shown  in  Figure  8. 

(U j In  the  nortnern  portions  of  EASTPAC  where  the  axis  of  the  deep  sound 
channel  comes  to  the  surface,  the  major  propagation  mode  is  half-channel 
propagation.  As  sound  energy  propagates  southward,  and  as  the  axis  of 
the  sound  channel  deepens,  this  ha If -channel  energy  is  converted  to  deep 
sound  channel  energy  distributed  between  as  shown  in  Figure  9. 

(U)  Vertical  arrival  structure  data  froa  CHURCH  ANCHOR  show  that  the 
deep  sound  channel  energy  is  distributed  relatively  uniformly  within  an 
elevation  band  of  approximately  *_15°  froa  the  axis  of  the  deep  sound  chan- 
nel, which  is  consistent  with  both  half  cnamurl  and  downslope  conversion 
of  energy  into  the  sound  channel.  (Wagstaff's  horizontal  directionality 
studies  suggest  that  most  of  the  energy  in  the  deep  sound  channel  is  de- 
rived froa  downslope  conversion.) 
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Figure  9.  Half-Channel  Conversion  of  Energy  into  Sound  Channel  (U) 
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(U)  For  EASTPAC  conditions,  the  noise  from  the  distant  shipping  is  uni- 
formly distributed  between  jo.  (limiting  angles)  in  elevation.  Hhen  the 
array  is  located  at  the  axis  of  the  sound  channel,  distant  shipping  noise 
energy  will  appear  uniformly  between  *15°;  when  the  array  is  displaced 
from  the  axis  of  the  sound  channel  (towards  the  edges),  distant  snipping 
noise  will  be  confined  between  angles  equal  to  the  limiting  rays. 

(C)  The  beam  noise  depends  on  the  number  of  ships  on  the  beam.  To  de- 
termine probability  of  s ships  appearing  on  the  beam,  consider  the  ocean 
area  from  which  the  beam  receives  energy  to  be  made  up  of  a segments, 
each  having  an  are3  AA.  The  density  of  the  ships  is  taken  as  p , and 
the  probability  of  a ship  appearing  in  a segment  of  area  AA  , is  equal 
to  pAA.  Since  there  are  n segments  in  the  beam,  the  probability  of 
s ships  appearing  cn  the  beam  is  equal  to 


(PAA)S  ( 1- pAA)n-s, 


IT 


the  binomial  distribution  for  s "successes0  in  n independent  "trials." 
In  the  limit  as  AA  becomes  small,  the  binomial  distribution  becomes 
Poisson,  and  hence,  the  probabilizv  of  s ships  appearing  on  the  beam  is 
equal  to 

PCs)  - 


Where  the  area  "covered"  by  the  ideal  beam  is  given  by 


=R2  6 


in  which  R is  the  "range"  of  the  beam  and  8 is  the  beamwidth. 

(C)  Figure  10  shows  the  probability  distribution  of  a number  of  ships 
appearing  on  1°,  2°,  4°,  and  8°  beacwidth  beams  for  a beam  "range"  of 
1955  nm  and  an  EASTPAC  ship  density  P of  3 * 10”  ^ ships  per  square  nr. 

(U)  Figure  11  shows  a possible  distribution  of  energy  from  surface  ships 
in  azircutn-elevation  space.  The  energy  from  each  ship  is  distributed 
uniformly  in  elevation  between  at  discrete  azimuths  realized  fro;.,  the 
Poisson  distribution. 
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Figure  11.  One  Possible  Azimuth-Elevation  Distribution 
of  Energy  from  Ships  (U) 
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(U)  Figures  12A  and  12B  show  how  near-hroadside  beams  from  a horizontal 
array  and  a tilted  array,  respectively,  might  sample  the  ship  distribution 
of  Figure  11-  Table  A presents  a tabulation  of  the  ships  seen  on  each 
beam. 

(U)  For  the  array  horizontal,  each  ship  appears  on  only  one  beam;  fcr 
the  array  tilted,  each  ship  can  appear  on  several  beans.  Thus,  in  the 
case  of  the  tilted  array,  energy  from  each  ship  can  be  distributed  over 
a number  of  beams. 

(U)  On  the  average,  a beam  will  receive  a portion  of  the  energy  from 
each  ship  given  by 


3 + 2a  tan  p s’ 


where 


E = average  energy  from  the  ship, 

Es  = energy  from  the  ship, 

8 = beamwidth, 

a = limiting  elevation  angles,  and 

P = array  tilt  angle 

Similarly,  the  number  of  ships  expected  to  appear  on  ti.c  tilted  beam  is 

s . (6  * 2a  tan  p)  „ 

b 0 

where 

Nq  = expected  number  of  ships  on  a horizontal  beam  of 
width  0. 

Hence,  if  on  the  average,  the  total  energy  received  from  each  ship  is  the 
same,  the  mean  noise  level  for  a beam  will  be  the  same  either  for  the  array 
horizontal  or  tilted. 

(C)  Figure  13  shows  the  cumulative  probability  th^t  the  beam  noise  level 

will  exceed  the  levels  specified  as  a function  of  array  tilt,  where  0 dB 
corresponds  to  the  mean  noise  level.  Because  of  the  use  of  discrete  ships 
and  average  radiated  noise  levels,  the  probabilities  are  only  defined  at 
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Table  A.  Beam  Ship  Counts  for  Horizontal  and  Tilted  Arrays  (U) 


Beam 

Array  Horizontal 

Array  Tilted 

B-l 

No  data 

Incomplete  data 

80 

No  data 

Incomplete  data 

B1 

No  ships 

SI  Incomplete  data 

82 

SI 

SI,  S2  Inconslete  data 

B3 

No  ships 

SI,  S2,  S3,  S4 

B4 

S2,  S3,  34 

SI,  S2,  S3,  S4,  S5 

B5 

S5 

S2,  S3,  S4,  S5 

B6 

No  ships 

S3,  S4,  S5,  S6,  S7 

B7 

S6 

S5,  S6,  S7,  S3 

B8 

S7,  S3 

S6,  S7,  SS,  S9 

B9 

S9 

S6,  S7,  S3,  S9 

310 

No  ships 

S3,  S9,  S10,  Sll 

Bll 

S10 

S9,  S10,  Sll,  S12,  S13 

B12 

Sll 

S10,  Sll,  S12,  S13,  S14 

B13 

S12,  S13,  S14 

S10,  Sll,  S12,  S13,  S14 
Incomplete  data 

B14 

No  ships 

S12,  S13,  S14 

Incomplete  data 

B15 

No  data 

S14 

B16 

No  data 

Incomplete  data 

* T^.y , 
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discrete  points.  The  lines  connecting  the  points  in  Figure  13  are  only  a 
guide  and  are  not  meant  as  an  interpolation.  From  these  curves,  we  observe 
that  the  probabilities  of  both  very  quiet  periods  and  very  noisy  periods 
decrease  with  array  tilt. 

SIGNAL-TO-HOISE  RATIO  MODEL  (U) 

(U)  The  signal-to-noise  ratio  model  employs  the  beam  noise  model  and  a 
signal  model  consisting  of  a discrete  source  that  either  injects  energy 
at  the  edge  of  the  sound  charnel  or  is  located  within  the  sound  channel. 
When  the  source  injects  energy  at  the  edge  of  the  sound  channel,  this 
energy  will  appear  at  a single  elevation  angle  as  determined  by  Snell's 
Law  and  the  sound  speeds  at  the  channel  edge  and  at  the  receiver.  When 
the  source  is  located  within  the  sound  channel,  the  energy  will  be  dis- 
tributed in  elevation  between  angles  a and  v where 


ft)- 

ft)- 


in  which 


Cr  = sound  speed  at  the  receiver, 

Ce  = sound  speed  at  the  edge  of  the  sound  channel,  and 

Cs  = sound  speed  at  the  source. 

When  the  sound  speed  at  the  receiver  is  greater  than  or  equal  to  the  sound 

speed  at  the  source,  P is  equal  to  zero  and  the  energy  is  distributed 
between  +cl  . 

(C)  When  the  source  is  within  the  sound  channel,  some  loss  of  signal 
occurs  as- the  array  tilts;  this  loss  becomes  small,  however,  as  the  source 
approaches  the  edge  of  the  sound  channel.  Figure  14  shows  the  cumulative 
probability  that  the  signal-to-noise  ratio  will  exceed  a specific  value  as 
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a function  of  array  tilt  when  no  loss  of  signal  is  assumed  and  when  the 
signal-to-noise  ratio  of  0 dB  is  an  arDitrary  reference  level.  From  these 
curves  it  is  apparent  that  high  signal-to-noise  ratios  occur  less  frequent- 
ly as  the  array  tilts. 

(C)  Consequently,  if  detection  opportunities  occur  when  the  signal-to- 
noise  ratio  is  high  (corresponding  to  zero  ships  on  the  beam,  for  example), 
the  probability  of  detection  opportunity  occurrence  decreases  with  array 
tilt  as  shown  in  Figure  15. 

DETECTION  OPPORTUNITY  DURATION  AND  WAITING  TIME  MODEL  (U) 

(U)  The  Detection  Opportunity  Durati  n and  Uaiting  Time  Model  employs  a 
Markov  p-ocess  of  two,  and  only  two,  states:  zero  ships  on  the  beam  and 

one  or  more  ships  on  the  beam. 

(C)  At  any  time,  the  probability  of  zero  ships  on  the  beam  is  given  by 


where 

« _ _ _2  (8  + 2a  tan  P) 

A " « r » 

360° 

r = "range"  of  the  beam, 

8 = beamwidth, 

a = limit  ray  elevation  angle, 

P = array  tilt  angle,  and 

p = shipping  density. 

The  probability  of  one  or  more  ships  on  the  beam  is  one  minus  the  proba- 
bility of  zero  ships  on  the  beam. 

(C)  Once  there  are  zero  snips  on  the  beam,  the  system  will  remain  in  this 
state  until  one  or  more  ships  enter  the  beam,  where  the  probability  of  one 
or  mo^e  ships  entering  the  beam  in  a time  Interval,  At  , is 


1 -e 


- PrsAt 


in  which 
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shipping  density, 

"range"  of  the  beam,  and 

average  of  the  component  of  ship  speeds  perpendicu- 
lar to  the  axis  of  the  beam. 


If  we  assume  an  average  of  the  component  ship  speeds  perpendicular  to  the 
axis  of  the  beam  equal  to  15  knots  and,  as  before,  a beam  "ranee"  equal 
to  1955  nm  and  a shipping  density  P of  3 * 10~^  ships  per  square  nm, 
the  average  time  required  for  one  or  more  ships  to  enter  the  beam  is  equal 
to  47.3  minutes,  which  is  independent  of  array  tilt. 

(C)  It  can  be  shown  that  the  average  waiting  time  between  periods  of  zero 
ships  on  the  beam  is  equal  to  the  average  period  of  one  or  mere  ships  on 
the  beam,  and  is  given  by 

!k 

TW  TH  P * 

o 

where 

Ty  = Average  waiting  time  between  periods  of  zero  ships, 

Th  = Average  period  for  zero  ships, 

Po  = Probability  of  zero  ships  on  the  beam,  end 

P^,  = Probability  of  one  or  more  ships  on  the  beam  and 

is  equal  to  1 -P  . 

o 

(U)  Figure  16  shows  waiting  times  for  a beam  of  1°  width  as  a function 
of  array  tilt  for  limiting  ray  elevation  angles  of  *7.5°,  j_10°>  and  *15°. 

SUMMARY  OF  RESULTS  (U) 

(C)  The  models  developed  for  and  essloyed  in  this  study  indicate  that 
some  performance  measures  are  independent  of  array  tilt,  whereas  others 
are  sensitive  to  array  tilt.  Ke  have  shown  that  the  following  performance 
measures  are  independent  of  array  tilt: 

o Mean  Beam  Hoise  Level  - Independent  of  array  tilt  but  increas- 
ing with  increasing  beaswidth  and  shipping  density. 
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o Mean  Signal-to-Koise  Ratio  - Independent  of  array  tilt  but 
decreasing  with  increasing  beamwidth  and  density,  and 

o Mean  Duration  «f  Detection  Opportunities  - Independent  of 
array  tilt  and  beamwidth  but  decreasing  with  increasing  ship- 
ping density  and  average  ship  speed. 

(C)  He  have  also  shown  that  the  following  performance  treasures  are  sen- 
sitive to  array  tilt: 

o Beam  Noise  Fluctuations  - Variance  decrease:,  with  array  tilt 
and  increasing  beamwidth  and  shipping  density, 

o Signal-to-Noise  Ratio  Fluctuations  - Variance  decreases  with 
array  tilt  and  increasing  beamwidth  and  shipping  density, 

o Probability  of  Detection  Opportunities  (zero  ships  on  the  beam) 

- Decreases  with  array  tilt  and  increasing  beamwidth  and  ship- 
ping density, 

o Mean  Kaiting  Time  Between  Detection  Opportunities  (zero  ships 
on  the  beam)  - Increases  with  array  tilt,  increasing  bean- 
width  and  shipping  density,  and  decreasing  average  ship  speed. 

(U)  These  trends  are  independent  of  the  specific  values  of  beamwidth, 
shipping  density,  and  average  ship  speed  used  in  the  confutations. 

CONCLUSIONS  (U) 

(C)  The  detection  performance  of  a line  array  system  degrades  as  the 
array  tilts  from  the  horizontal  plane.  An  array  tilt  of  approximately 
1.5°  on  an  array  having  1°  beams  operating  at  the  axis  of  the  sound  chan- 
nel reduces  the  probability  of  obtaining  a detection  opportunity  to  one- 
half  the  value  for  a horizontal  array. 

(C)  As  the  array  tilts,  Che  observation  time  required  to  obtain  meaning- 
ful estimates  of  beam  noise  and  signal-to-noise  ratio  statistics  increases. 
Where  meaningful  estimates  may  be  obtained  in  10  to  20  hours  on  a hori- 
zontal array,  50  to  100  hours  are  required  when  the  array  tilts  3°  from 
horizontal . 
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MEMORANDUM  FOR  DISTRIBUTION  LIST 

Subj : DECLASSIFICATION  OF  LONG  RANGE  ACOUSTIC  PROPAGATION  PROJECT 
(LRAPP)  DOCUMENTS 

Ref:  (a)  SECNAVINST  5510.36 
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number  of  classified  LRAPP  documents. 
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UNCLASSIFIED  and  have  been  approved  for  public  release.  These  documents  should 
be  remarked  as  follows: 

Classification  changed  to  UNCLASSIFIED  by  authority  of  the  Chief  of  Naval 
Operations  (N772)  letter  N772A/6U875630,  20  January  2006. 

DISTRIBUTION  STATEMENT  A:  Approved  for  Public  Release;  Distribution  is 
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3.  Questions  may  be  directed  to  the  undersigned  on  (703)  696-4619,  DSN  426-4619. 
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